Abstract
Background
Pancreatic cancer is a malignant and rapidly developing tumor of the digestive tract characterized by inadequate treatment and poor prognosis [1] . In recent years, the incidence of pancreatic cancer has been increasing annually worldwide [1] . Although new methods of surgery, chemotherapy and radiotherapy have improved the treatment of pancreatic cancer, the efficacy of these treatments is very modest. In recent years, the development of molecular biology has enabled the study tumorrelated genes, and the involvement of various genes in the development of tumors has been partly confirmed [2] . The search for early cancer-specific genes and molecular markers and associated mechanisms has attracted considerable attention because it enables to achieve early diagnosis, treatment and prognosis of cancer [3] .
Long non-coding RNA (lncRNA) is a class of RNA molecules with a length of over 200 nucleotides that do not encode for proteins. In the mammalian genome, approximately 4%-9% of the transcripts are lncRNA, while only 1% of the mRNAs encode for proteins [4] . The lncRNAs were originally considered to be "noise" of the transcriptome, unable to perform biological functions. Progress in this field of science revealed that lncRNAs have a variety of biological functions and participate in the development, invasion and metastasis of malignant tumors through chromatin modification and genomic imprinting, in transcriptional activation, in post-transcriptional regulation and in the regulation of protein function [5] . Presently, there are a few reports on the relationship between lncRNA and the invasion and metastasis of pancreatic cancer [6] .
Cancer susceptibility candidate 2 (CASC2) is a lncRNA located on chromosome 10q26 that was originally found to be downregulated in endometrial carcinoma and acts as a tumor suppressor gene [7] . Recent studies have shown that the exogenous upregulation of CASC2 expression can significantly inhibit the growth of undifferentiated endometrial cancer cells and can inhibit the invasion of glioma cells [8] . Levels of CASC2 expression are lower in pancreatic cancer tissue and cell lines [9] . However, the mechanisms of the effects of CASC2 in pancreatic cancer are unclear.
In molecular biology, competing endogenous RNAs (ceRNA) regulate other RNA transcripts by competing for shared microRNA (miRNAs). Increasing evidence indicates that lncRNAs can act as a ceRNA via sponging miRNAs [4] . MiRNAs are short non-coding RNAs that modulate target gene expression. In a previous study, CASC2 was demonstrated to act as a ceRNA to regulate miR-21 in a colorectal cancer cell line [10] and in cervical cancer [11] , to regulate miR-181a in nonsmall cell lung cancer [12] , glioma [13] and osteosarcoma cells [14] , to regulate miR-193 in glioma [15] , and to regulate miR-367 in hepatocellular carcinoma cells [16] . In malignant glioma cells, caspases were activated by a knockout of miR-21 with a subsequent increase in the rate of apoptosis [17] . Metastasis-related genes are another target of miR-21. MiR-21 negatively regulated the expression of phosphate and tensin homology deleted on chromosome ten (PTEN), thereby enhancing the proliferation and invasion of hepatocytes [18] . MiR-21 may be a potential indicator of survival prediction related to invasion, metastasis, and survival in pancreatic cancer [19] . A recent meta-analysis assessed the prognostic value of miR-21 in China in pancreatic cancer suggesting that the overexpression of miR-21 in patients with pancreatic cancer is significantly associated with poor prognosis [20] . The overexpression of miR-21 can accelerate the progression and poor prognosis of pancreatic cancer [20, 21] . Invasion and metastasis are the important characteristics that distinguish malignancies from benign tumors [22] . The majority of diagnosed pancreatic cancers are advanced and have metastasized. Investigation of the mechanism of the miR-21-regulated invasion and metastasis of pancreatic cancer is of high importance.
This study aimed to test whether CASC2 acts as a ceRNA by sponging miR-21 to regulate PTEN. Our work revealed a novel regulatory mechanism in pancreatic cancer cells and provides a novel insight in the treatment of pancreatic cancer.
Materials and methods

Cell culture and transfection
The pancreatic duct epithelial cell line HPDE6-C7 and human pancreatic cancer cell lines [23] SW1990, CAPAN-1, JF305, PANC-1, and BxPC-3 were purchased from the American Type Culture Collection (ATCC, USA) and were grown in DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (Invitrogen, USA) at 37 °C in 5% CO 2 . The CASC2 sequences were ligated into the pEX-2 vector (Genepharma, China). Empty pEX-2 vector was used as a negative control (NC). MiR-21 mimics and an miR-21 mimic NC were constructed by RiboBio (Guangzhou, China). PTEN shRNA and scrambled NC shRNA (Genepharma, China) were used to knockdown the PTEN. Cells were transfected with the vector, mimics, shRNA, or NCs using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's protocol. After 48 h, cells were selected for stable expression using 0.5 mg/mL G418 (Sigma-Aldrich, USA). The expression levels of the target lncRNA/miRNA/mRNA were detected by qRT-PCR and the cells were used in the subsequent experiments.
qRT-PCR
Total RNA was extracted from the cells using TRIzol (Invitrogen, USA) according to the manufacturer's protocol. The cDNA was synthesized using a PrimeScript RT reagent kit (Promega, USA). PCR was performed by an ABI 7500 real-time PCR system (Applied Biosystems, USA) using a SYBR Green PCR kit (for CASC2, Takara, Japan) and a Taqman Universal Master Mix II (for miR-21, Applied Biosystems). Data were quantified by the 2 −ΔΔCt method. Three independent experiments were performed for each data point. The internal control genes were GAPDH for CASC2 and U6 snRNA for miR-21.
Cell migration and invasion
Transwell chambers (8 μm pore size, Corning, USA) were used to assess the migration and invasion. Cells were seeded in the upper chamber and the medium with 10% fetal bovine serum was added in the lower chamber. After 48 h, the cells on the lower surface were fixed with 4% paraformaldehyde after the cells that did not migrate or invade were removed by a cotton swab; cells were stained with 0.1% crystal violet and counted under a microscope. For invasion assay, the transwell chambers were precoated with Matrigel (BD, USA). The proliferation of the migrated cells was not significantly increased at 24 h. The number of the cells that dropped to the bottom was negligible, and these cells were not counted.
Luciferase reporter assays
The fragments of CASC2 containing the predicted miR-21-binding site were amplified by PCR and cloned into the pmirGLO dual-luciferase miRNA target expression vector to form the reporter vectors CASC2-wild-type (CACS2 WT). To mutate the putative biding site of miR-21 in the CASC2, the sequences of the putative binding site were replaced and were named as CASC2-mutant (CACS2 MUT). The vectors were then cotransfected with miR-21 mimics or miR-21 mimic NC into the cells by the Lipofectamine 3000 method. After 48 h, the luciferase activity was detected by the dual-luciferase reporter assay system (Promega, USA), according to the manufacturer's instructions.
Western blot
Proteins were extracted using a RIPA lysis buffer (Beyotime, China), and the protein concentrations were measured using the BCA protein assay (Pierce, USA). Proteins (20-30 μg) were separated using 10% SDS-PAGE and were transferred to the PVDF membranes (Millipore, USA). After blocking within 5% nonfat milk for 1 h at room temperature, the membranes were incubated with primary antibodies against PTEN and GAPDH (Abcam, USA) overnight at 4 °C; then, the membranes were incubated with an HRP-conjugated secondary antibody at room temperature for 1 h. The signal was detected with an EasyBlot ECL detection system (Sangon, China).
Statistical analysis
Data are presented as the mean ± standard deviation (SD) of at least three independent experiments. Statistical analysis was performed with the SPSS 20.0 software (IBM, USA) using Student's t test and one-way analysis of variance (ANOVA) with Tukey's post hoc test. P-values less than 0.05 were considered statistically significant.
Results
Expression levels of CASC2 are low in pancreatic cancer cells, and CASC2 suppresses cell migration and invasion
The expression levels of CASC2 in human pancreatic cancer cell lines CAPAN-1, BxPC-3, JF305, PANC-1 and SW1990 and in normal human pancreatic HPDE6-C7 cells were assayed (Fig. 1a) . The qRT-PCR analysis results showed that the levels of CASC2 in the pancreatic cancer cell lines were significantly lower than that in the normal human pancreatic cells (P < 0.01).
To detect whether CASC2 regulated cell migration and invasion in the pancreatic cancer cells, CASC2 was overexpressed by pEX-CASC2 in PANC-1 cells (Fig. 1b , P < 0.001). The overexpression of CASC2 significantly inhibited the migration of PANC-1 cells (P < 0.001).
Similar to migration, the overexpression of CASC2 significantly inhibited the invasion of PANC-1 cells (P < 0.001).
Thus, these data suggest that CASC2 plays an antimetastatic role in PANC-1 cells.
CASC2 inhibits the migration and invasion of pancreatic cancer cells by directly targeting miR-21
To test whether lncRNA CASC2 acts as a ceRNA via sponging miR-21, we detected the levels of miR-21 in CAPAN-1, BxPC-3, JF305, PANC-1 and SW1990 cells and in normal human pancreatic HPDE6-C7 cells (Fig. 2a) , as well as in the pEX-CASC2-transfected PANC-1 cells (Fig. 2b) . The qRT-PCR results showed that levels of miR-21 in the pancreatic cancer cell lines were significantly higher than those in the HPDE6-C7 cells (P < 0.01, Fig. 2a ). The overexpression of CASC2 significantly downregulated the expression of miR-21 (P < 0.001, Fig. 2b) . Moreover, the CASC2-wt or CASC2-mut vectors were cotransfected with miR-21 mimics or miR-21 mimic NC into the cells. Cotransfection of miR-21 mimics and CASC2-wt significantly decreased the luciferase activity (P < 0.001, Fig. 2c) ; however, the cotransfection of miR-21 and CASC2-mut did not change luciferase activity. These results suggested that miR-21 is a direct target of CASC2. MiR-21 mimics significantly increased the miR-21 levels in the pEX CASC2 transfected PANC-1 cells, while pEX CASC2 significantly downregulated the expression of miR-21 (P < 0.01, Fig. 2d ). MiR-21 mimics significantly promoted cell migration and invasion and significantly reversed the suppression of migration and invasion induced by CASC2 in the PANC-1 cells, suggesting that the overexpression of miR-21 significantly abolished the antimetastatic activity of CASC2 in PANC-1 cells (P < 0.001, Fig. 2e, f ) . Thus, these results suggest that CASC2 inhibited cell metastasis through the negative regulation of miR-21.
PTEN is downstream of miR-21/CASC2 in pancreatic cancer cells
It has been demonstrated that PTEN is a direct target of miR-21 [24] [25] [26] . The overexpression of miR-21 lowered the PTEN levels in PANC-1 cells, indicating that miR-21 targets PTEN in pancreatic cancer cells (P < 0.001, Fig. 3a) . The overexpression of CASC2 significantly increased the PTEN levels in PANC-1 cells (P < 0.001, Fig. 3b) . Moreover, cotransfection with miR-21 mimics significantly abolished the induction of PTEN level by pEX CASC2 in PANC-1 cells (P < 0.001, Fig. 3c ). These results suggest that PTEN is downstream of miR-21/ CASC2 in pancreatic cancer cells. c The wild-type or mutant CASC2 with the miR-21-binding site was generated, integrated into a luciferase vector to form the reporter vectors, and cotransfected with miR-21 mimics or miR-21 mimic NC (NC) into the cells by the Lipofectamine 3000 method. Dual-luciferase reporter assay showed that miR-21 was a direct target of CASC2. Then, PANC-1 cells were transfected with the CASC2-expressing vector (pEX-CASC2) or the corresponding negative control (pEX) and miR-21 mimics or the corresponding negative control (mimics NC) for 48 h. d The expression of miR-21 was detected. e Cell migration was detected. f Cell invasion was detected. *P < 0.05; **P < 0.01; ***P < 0.001. 
Knockdown of PTEN abolishes the antimetastatic effects of CASC2 in pancreatic cancer cells
It has been demonstrated that the knockdown of PTEN promotes pancreatic cancer metastasis [27, 28] . The knockdown of PTEN significantly abolishes the suppression of the migration induced by CASC2 in pancreatic cancer cells (P < 0.001, Fig. 4a ). The knockdown of PTEN significantly abolishes the suppression of the invasion induced by CASC2 in pancreatic cancer cells (P < 0.001, Fig. 4b ). These results suggest that PTEN at least partially mediated the antimetastatic effects of CASC2 in pancreatic cancer cells.
Discussion
There is insufficient molecular information regarding the development of pancreatic adenocarcinoma and its poor prognosis [23] . Pancreatic cancer cell lines were used to investigate various molecular events. In this study, we compared the levels of CASC2 in the pancreatic cancer cell lines CAPAN-1, BxPC-3, JF305, PANC-1 and SW1990 and in normal pancreatic HPDE6-C7 cells and analyzed the mechanism of the CASC2-regulated metastasis of PANC-1 cells.
The lncRNA CASC2 was demonstrated to be dysregulated in numerous cancers [29, 30] . Yu et al. [9] found that the expression levels of CASC2 are low in the pancreatic cancer tissues and cancer cells and that CASC2 expression is closely related to overall patient survival, indicating that high expression of CASC2 is associated with a better prognosis in patients with pancreatic cancer. In this study, we showed that CASC2 was downregulated in the pancreatic cancer cell lines CAPAN-1, BxPC-3, JF305, and PANC-1 compared with levels in normal pancreatic HPDE6-C7 cells. After transfection with pEX-CASC2, the expression levels of CASC2 in PANC-1 cells were significantly upregulated. The overexpression of CASC2 inhibited the migration and invasion of pancreatic cancer cells, further supporting the idea that CASC2 acts as a tumor suppressor.
To further investigate the mechanism of the CASC2-induced suppression of PAN-1 cell migration and invasion, we focused on the possible involvement of ceRNA effects in the regulation of lncRNA CASC2 and miR-21. We found that the overexpression of CASC2 significantly downregulated the expression of miR-21, suggesting that CASC2 inhibited pancreatic cancer cells via downregulation of miR-21. This is supported by previous results that showed that downregulation of miR-21 suppressed cancer cell migration and invasion [18] . The overexpression of miR-21 abolished the antimetastatic effects of CASC2 upregulation, further confirming that the ceRNA effect is involved in the effects of CASC2 and miR-21. The experiments with the dual luciferase reporter system confirmed that miR-21 is a direct target of CASC2. Thus, CASC2 influenced the migration and invasion of pancreatic cancer cells through the post-transcriptional regulation of ceRNA, which suggests it can participate in the onset and development of tumors. It was demonstrated that CASC2 can influence the MAPK, Wnt/β-catenin and PTEN/Akt signaling pathways [7] [8] [9] . In pancreatic cancer, it was demonstrated that the PTEN/Akt signaling pathway is involved in CASC2 regulation by hepatocyte nuclear factor 1 alpha, a transcription factor [9] . However, it was reported that PTEN is another potential target of miR-21 [18] . In this study, we showed that the overexpression of This study has a number of limitations. First, only PANC-1 cells were used for the investigation of the molecular mechanisms. Two or more cell lines should be investigated in the future. Second, the findings should be validated in an in vivo animal model in the future.
Conclusions
In conclusion, we demonstrated that CASC2 suppressed the migration and invasion of pancreatic cancer cells via the downregulation of miR-21. However, the role of CASC2/miR-21/PTEN should be investigated in primary pancreatic cancer cells and in pancreatic cancer tissue in future studies. Finally, our work revealed a novel regulatory mechanism of the CASC2/miR-21/PTEN axis that may be important in pancreatic cancer.
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